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ABSTRACT 

We analyze the spectra, spatial distributions and kinematics of Ha , [Nil] and [SII] emission in a 
sample of 42, z~2.2 UV/optically selected star forming galaxies (SFGs) from the SINS & zC-SINF 
surveys, 35 of which were observed in the adaptive optics mode of SINFONI. This is supplemented by 
kinematic data from 48 z ~ 1-2.5 galaxies from the literature. We find that the kinematic classification 
of the high-z SFGs as 'dispersion dominated' or 'rotation dominated' correlates most strongly with 
their intrinsic sizes. Smaller galaxies are more likely 'dispersion-dominated' for two main reasons: 
1) The rotation velocity scales linearly with galaxy size but intrinsic velocity dispersion does not 
depend on size, and as such, their ratio is systematically lower for smaller galaxies, and 2) Beam 
smearing strongly decreases large-scale velocity gradients and increases observed dispersion much 
more for galaxies with sizes at or below the resolution. Dispersion dominated SFGs may thus have 
intrinsic properties similar to 'rotation dominated' SFGs, but are primarily more compact, lower 
mass, less metal enriched and may have higher gas fractions, plausibly because they represent an 
earlier evolutionary state. 

Subject headings: galaxies: high rcdshift - galaxies: evolution - infrared: galaxies 



1. INTRODUCTION 

At the peak of the galactic formation epoch at 
z~l— 3, the rest-frame UV and Ha morphologies of 
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H). The ionized gas kinemat- 



ics of these clumpy galaxies range from rotationally 
supported disks, especially among the more massive 
(M» > a few 10 10 M Q ) and bright (Ks AB < 21.8) 
SFGs, to galaxies dominated by apparent l y random 
motions dForster Schreiber et al.l 20061 12009h Law et al 



2007 



2007 
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The latter class, which are especially common among 
the smaller and lower mass systems, often have average 
intrinsic velocity dispersions (corrected for instrumental 
broadening and beam smearing, and determined here 
from the outer regions of the galaxies), <7q, larger than the 
inclination-corrected rotation v elocities, v r nt (hereafter, 
'disp ersion dominated' SFGs) ([Forster Schreiber et al.l 
120091) . Despite these irregular morphologies, the 
fraction of ma j or me rg ers is probably less tha n 30% 
dShapiro etall 120081; iForster Schreiber et all 120091 : 
lLopez-Saniuan et al.l 20121) and stellar mass maps of 
z~l-2 SFGs are typically sm oother and more sy mmetric 
than the light distribution ([Wuvts et al.l I2012D . As a 
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rule, rest-frame UV and optically-selected high-z SFGs 
exhibit large local random motions, with ratios of v rot to 
Co of less than 8. Hence even th e rotationally dominated 
syste ms are thick (H 2 ~ f kpc: lElmegreen fc Elmegreenl 
120061) and highly turbulent. Observations of CO rota- 
tional line emission indicate that z~l-3 massive SFGs 
have large (^30-60%) baryonic cold gas fractions and 
this cold molecular gas has a large velocity dispersion 
com parable to th at of the w arm ionized ga s trac ed by 
Ha foaddi et al.ll200l l2010at iTacconi et al.l[200l 12010. 
l2012tlSwinbank et al.M2011h . 

These basic observational properties (irregular mor- 
phologies, high gas fractions and large velocity dis- 
persions) can be understood in a simple physical 
framework, in which global gravitational instability 
and fragmentation in marginally stable (QToomre < 
1), gas-rich disks naturally leads to large turbu- 
lence and the f ormation of giant st ar forming clumps 
tiNoguchil [1991 IImmeh"eTaLl l2004allbl; IBournaud et all 



20071: lElmegreen et all 12*001 IGenzel et all 120081 120111 
Dekel et all 120091: IBournaud et all 12010; iGenel et all 



2O120 . The buildup of these marginally stable disks 



in z>l SFGs is plausibly fueled mainly by smooth 
accre t ion of gas and/or minor m e rgers dKeres et all 
20051 l200l iDekel fc Birnboiinl 120061 IBower et all EM 



Kitzbichler fc White! 120071: lOcvirk etal l l2008pDav(; 
20081 : IDekel et all 120091: 10se7 et al. I I201O iCacciato et al 
20ia ICeverino et alll2012[ )~ 



While the buildup of early star forming disks may be 
explained by this scenario, it is less clear how the dis- 
persion dominated galaxies fit in. There are several pos- 
sible explanations for what they are, including (1) giant 
clumps in face-on star forming disks, where the rest of 
the disk material has too low surface brightness to be 
detected, (2) an earlier evolutionary stage with higher 
gas fractions and lower masses, in which case the sim- 
ple fragmentation scenario discussed above would lead to 
larger velocity d i spersi ons (|Forster Schreiber et alll2009l : 
lLaw et all 120071 120091: ?), (3) the result of dissipative 
mergers, that would drive chaotic motions, and (4) in- 
trinsically smaller rotationally supported disks that mas- 
querade as dispersion dominated, because the instrumen- 
tal 'beam smearing' hides the rotational signal, or some 
combination therein. 

In this paper we present and analyze new high- 
quality SINFONI/VLT integral field (IFU) spectroscopy 
with natural and laser g uide star adap tive optics (AO) 
(jEisenhauer et all l200l iBonnet et aiTl200l of 42 z~2 
SFGs, 43% of which were classified as 'dispersion dom- 
inated' based on previous seei ng limited observations 
and a ccording to the criteria of IForster Schreiber et all 
(|2009l ). We combine our measurements with another 
34 AO data sets and 14 spatially well-resolved seeing 
limited data sets of z = 1-2.5 SFGs from the litera- 
ture. The combined data of 90 SFGs provide inter- 
esting new constraints on the nature of the dispersion 
dominated SFG population. We adopt a ACDM cos- 
mology with ^^=0.27 , £^=0.046 a nd H n =70 km/s/ Mpc 



(jKomatsu et all 120 111 ), as well as a iChabrierl (|2003l ) ini- 
tial stellar mass function (IMF). 



2. OBSERVATIONS AND ANALYSIS 



2.1. Source selection, observations and data reduction 
of SINS/zC-SINF galaxies 

Our base sample are 35 SFGs from the SINS and zC- 
SINF surveys of Ha +[NII] integral field spectroscopy in 
z ~ 2 SFGs obtained with SINFONI on the ESO VLT 
that were observed in both seeing-limited and AO mode. 
These galaxies are drawn from t he parent seeing-limited 
SINFO NI samples described in IForster Schreiber et all 
(|2009h and lMancini et all (|2011f ). We add to this 7 large 
galaxies (R!/ 2 >4 kpc) observed only in seeing-limited 
mode with sufficient signal to noise ratio (S/N) and 
spat ial resolution to robustly de t ermine the kinemat- 
ics (IForster Schreiber et all [20091 iMancini et "all 120111: 
IForster Schreiber et all 120121 )7" These surveys were se- 
lected either from their U„,GR colors satisfying the 
'BX' criteria dSteidel et alll2004l lA delberger et all l200l 
lErb et all [20061 : lLaw et all 120091 ) or based on K band 
imaging via the 'B zK' criterion for 1.4 <z <2.5 SFGs 
(|Daddi et a l. 2004b). In addition, a few galaxies were in- 
cluded based on their stellar masses and SFRs from the 
GMASS Spitzer 4/xm survey (jKurk et al.ll2009l ). and one 
galaxy was selected from the GDDS survey based on a 
secure redshift and evidence for on-going star- formation 
from the UV data (|Abraham et alll2004l) . 

These galaxies sample the z ~ 2 SFG 'main sequence' 
in the stellar mass - star-formation rate plane between 
stellar masses of 10 9 4 and 10 111 M Q , and star forma- 
tion rates between ~13 and 850 M Q yr _1 (see Figure 1), 
covering the same range in M* and SFR as the parent 
samples. For the AO data, we employed SINFONI in the 
0.05"x0.1" pixel scale, with either laser guide star (LGS) 
or natural guide star (NGS) AO, resulting in angular res- 
olutions of ~0.20" full width at half maximum (FWHM) 
after median filtering by 3x3 pixels. The 7 larger rota- 
tionally supported systems were observed in SINFONI's 
seeing limited mode and 0.125"x0.25" pixel scale, result- 
ing in a median FWHM ~0.56" , suffi cient to resolve these 
SFGs (|Forster Schreiber et all 12001 . These sources are 
included in the analysis (and not other seeing-limited 
only galaxies), because their large spatial extents allow 
well-resolved kinematical analysis. The on-source inte- 
gration times for each galaxy from our sample range be- 
tween 2 and 23 hours, with a median of about 5.8 hours, 
resulting in high quality, spatially resolved spectra for 
most sources. This sample includes 7 AGN, identified by 
the presence of AGN signatures in their rest-UV spec- 
trum, [Nil] /Ha ratio, an d/or X-ray or MIPS 24/xto dat a 
when available (e.g., see IForster Schreiber et alll2009|) . 
These would not affect our <7o measurements, which are 
taken away from the center, but could potentially affect 
a tot- A discussion of the properties of 8 individual galax- 
ies of the AO sample can be found in several of our earlier 
SINS papers (IGenzel et al.ll2lMl27nl:ICresci et alfifM 
IForster Schreiber et all 120091 ; iNewman et al.ll2012aft . A 
de tailed presentation of th e full A O sample can be found 
in IForster Schreiber etall (|2012f) . 

We used the software package SPRED and custom rou- 
tines for optimizing the background/OH airglow subtrac- 
tion for the data reduction. The point spread function 
(PSF) FWHM was measured by fitting a 2D Gaussian 
profile to the combined images of the PSF calibration star 
taken throughout the observations of a galaxy. More in- 
formation on the specifics of these observations and the 
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data r e duction can be found in 
20091) ; iMancini et all ([20H ; 



2012). 



Forster Schrciber et al 



Forster Schreiber et al 



We created Ha emission line, velocity and velocity dis- 
persion maps from the reduced data cu bes by using 
the G aussian-fitting procedure LINEFIT (jDavies et al.1 
|20H . with errors derived from the noise cube. Prior to 
fitting, each cube is smoothed by three or four spatial and 
three spectral pixels in order to enhance the S/N in the 
critical outer parts of the galaxy, which are most sensi- 
tive for determining the amplitude of rotation, as well as 
the intrinsic velocity dispersion. For more information on 
our standard SIN S data reduction meth o ds and a nalysi s 
tools we refer to ISchreiber et all (12001: iDaviesI (l200l ; 
IForster Schreiber et al.1 (|2009f ) ; IMancini et al.1 (|2011[ ). 

2.2. Additional datasets from the literature 

We also include in our analysis 48 additional z <~ 1- 
2.5 SFGs from the literature deriving from IFU datasets 
with kinematic information. These include: 

• 9 galaxies from the BX- (rest-UV color / magnitude) 
selecte d z = 1.5-2.5 AO sample from lLaw et all 
(120091 ) taken with OSIRIS. 

• 13 galaxies from the z = 1.3-1.45 AO sample from 
iWisnioski et all (1201 1[ ) selected for strong [Oil] 
emission from the Wigglc-Z Dark Energy (UV- 
selected) survey, also taken with OSIRIS. 



• 9 z = 0.8-2.2 galaxies from Swinban k et al.l 
(|2012al lbT). taken from the HiZELS imaging survey 
of the COSMOS and UDS fields, selected for nar- 
row band Ha flux and observed with SINFONI. 

• 14 z = 1-1.6 MASSIV galaxies selected 
from the VVDS spectroscopic survey ob- 
served in seeing-limited mode with SIN- 
FONI (iLemoine-Busserolle fc Lamareillel 120101: 
lEpinat et al.ll2012[ ). Here we only chose galaxies 
with R]y 2 >4 kpc, such that their kinematics could 
be well resolved without AO. 



3 additional galaxies from lEpinat et all (|2012f ) ob- 
served in AO mode. 



We do not include z< l studies (jPuech et al.l 120071 
120091: iNeichel et al.ll2008l e.g.). or z~l slit spectroscopy 
(|Weiner et al.l^OOalKassin et all 120071 ) in the analysis, 
but emphasize that these investigations also find evi- 
dence for large random motions. 

Figure 1 shows the location of our entire sample in the 
SFR-M* plane. As can be seen from the left panel, SFGs 
are well-sampled from a SFR of 10 to 500 M Q / yr and over 
2 decades of stellar mass, from ~2xl0 9 to 2xlO n M Q , 
and from the right panel, we see that both rotation and 
dispersion-dominated galaxies are widely distributed. 

2.3. Determination of Galaxy Properties for the 
SINS/zC-SINF sample 

Stellar masses, star formation rates and stellar ages are 
de rived from SEP modeling of b r oad-band phot o metry 
in IForster Schreiber et~aTI (120091) . IMancini et al.1 (|201l( ) 
and IForster Schreiber et al.1 ( 20111) and assume either 



constant star format ion histories or exponent ially de- 
clining models with iBruzual fc Chariot] (|2003l ) tracks. 
The ages are highly uncertain and should be inter- 
preted in the sense that the bulk of galaxy light comes 
from stars younger than this "age" , and as such are 
best used as relative and not absolute ages. The Ha - 
based star formation rates are derived using SFR=L(Ha 
)/(2. 1xl0 41 erg/s) ("M ^yr" 1 ) (|Kennicutdll99l corrected 
for a iChabrierl (f2003l ) I MF), where Lffl q ) is extinction 
corrected based on the ICalzetti et al.l (I2000D reddening 
law w ith Ay.a as =2. 3xAyg e d ■ IForster Schreiber et al.l 
(|2009D and iWuvts et all (j 20111 ) have shown that an ex- 
tra attenuation factor of ~2.3 is a good representation of 
the extinction towards HII regions relative to the bulk of 
starlight for z ~ 2 SFGs. 

We calculate molecular gas masses (M 9as ) and sur- 
face densities (T, gas = 0.5xM 9as /(7r(R 1 / 2 ) 2 ) from the Ha 
-derived SFRs using the star formation rate/molecular 
gas mass relation calibrated from the IRA M Larg e Pro- 
gram of CO in z-1-2 SFGs (|Tacconi et al.l[20ia i. This 
simple linear relation has been shown to hold for both lo- 
cal and hi gh-z SFGs, yielding M nM (M m ) = 7 xl0 8 x SFR 



(M /yr) dBigiel et al.1 12008T ITacconi et al.l l2010l 12011) 

down to ~1 kpc scales, with scatter in the relation of 
~0.3 dex due to the variation in slope and normaliza- 
tion from variou s studies and also intrinsic scatter in 
the relation (sec: JGenzel et al1l2010l : iDaddi et al.ll2010bl : 
ITacconi et al.l l2012h . The dynamical mass is calculated 
as, M dyn = 2R 1/2 (v 2 ot + 3.4 x a%)/G, where the 
inclination-corrected rotation velocity and ctq is the in- 
trinsic galaxy dispersion. The factor of 3.4 accounts for 
pressure support (asymmetric drift) in an exponential 
distribution. 

Inclinations were determined from the minor axis to 
major axis ratio of the Ha surface brightness distribu- 
tion. We found overall good agreement between the mor- 
phological axes and those determined from kinematics, 
however the smaller objects tend to exhibit a large scat- 
ter in the position angles determined from the two meth- 
ods and some of the larger more face-on systems have 
their axis ratios and position angles more affected by 
small-scale regions of enhanced surface brightness. Fol- 
lowing ?, we considered the intrinsic z-thickness of high-z 
SFGs in deriving sin(i) (assuming <z>/<R>=0.2), al- 
though the inferred inclinations are not significantly dif- 
ferent from those in the thin disk approximation. 

Intrinsic (corrected for the spatial resolution) half- 
light radii are based on 2D exponential profile (i.e. 
Sersic profile with index n = 1) fits to the Ha 
surfa ce brightness dist ributions using the code GAL- 
FIT dPeng et al.l I2002D following t he methodology de- 
scribed by IForster Schreiber et al.1 (|2011l) (details for 
the present SINS/zC-SIN F AO sample are given 
by IForster Schreiber et al.1 (|2012f l). For six cases 
(BX389, BX482, GMASS-2540, ZC405501, ZC406690, 
ZC410041), a Gaussian profile (Sersic n = 0.5) was found 
to provide a significantly better representation of the 
data and we adopted the sizes derived from these Gaus- 
sian fits. Sersic profiles with n < 1 are motivated by 
the previous analysis of a su bset of six SINS galaxies 
(jForster Schreiber et al.1 1*20 111 ), and the m ore recent re- 
sults f or larger samples around z ~ 1.5 by INelson et al.1 

((201I) . 
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Fig. 1. — The star-formation rate/stellar mass plane. The grey points are from z = 1-2.5 galaxies from the CANDELS survey in the 
GOODS-S field. The left panels shows the distribution of galaxies from different parent samples used in our analysis. The blue closed (and 
open) circles are from the SINS/zC-SINF galaxies presented in this paper observed in AO (seeing-limited) mode. The red squares are from 
ILaw et al.l [120091) , the cyan i nverted triangles ar e from the SHiZELS survey presented in Swinbank et al. (2012a b), the maroon triangle s 
denote the AO galaxies from[Epinat et al. (20l 3), the green circl es represent the AO data from the WiggleZ survey HWisnioski et al.ll201ll ). 
and the black '+'s denote galaxies from Epinat et al. (2012) and Lemoinc-Busscrollc & Lamarcillc (2010) that have Ri/2>4 kpc and were 
observed in seeing-limited mode. The right panel shows the same distribution of galaxies according to their identification as dispersion- (for 
only AO datasets) or rotation- (for either AO or seeing-limited datasets) dominated. Here, closed (open) black circles represent galaxies 
determined to be rotation dominated from AO (seeing limited) data, and red squares denote galaxies determined to be dispersion-dominated 
from AO data. Note that wherever possible, we used averages of the Ha- and SED-derived SFRs. 



The oxygen abundances ar e derived from the obse rved 
[Nil] /Ha flux ratio using the lPettini fePag cl (2004) cal- 
ibration: 12+logio(0/H) = 8.90 + 0.57 x logi ([NlI]/Ha 
). This calibration is most often used for high-z galax- 
ies with emission line data of only Ha and [Nil] , and 
thus we choose it for simplicity of comparison with pre- 
vious work. We note that there are several uncertain- 
ties associated with thi s particular calibration (see e.g., 
iKewlev k, Ellis on 2008), so it is taken as a relative mea- 
sure of gas-phase abundance among our objects. 

2.4. Determination of Kinematic Properties 

For each galaxy, we computed the observed velocity 
gradient (Av grac i) as the maximum velocity difference 
across the source from the velocity map produced from 
the data cube. The total Gaussian line width integrated 
over the source {a tot) is calculated from the width of the 
Ha line from the spatially integrated spectrum for each 
galaxy. For SFGs with a substantial component of rota- 
tion or large-scale orbital motion, cr tot is strongly affected 
or even dominated by beam-smeared rotation. However, 
most of the SINS/zC-SINF galaxies presented in this pa- 
per are resolved well enough in our AO data to estimate 
the average intrinsic local velocity dispersion (ctq) from 
the velocity dispersion maps, and we minimize the ef- 
fects of beam smearing by measuring the observed veloc- 



ity dispersion in the outer parts of the source. Finally, 
we subtract the instrumental resolution in quadrature. 
We determine the rotational velocity (v ro t) by correct- 
ing Avg r ad for our best-fit inclination. 

In determining the kinematic properties for the other 
galaxies in our larger sample, we attempt to use as 
con sistent a method as possible. lEpinat et al.l (|2012[ ) 
and iLemoine-Busserolle fc Lamareiller i 20101 ) use a sim- 
ilar method to ours for determining v rot and a$, so we 
use the values presented in their papers. As with our 
method, they create maps of the velocity and disper- 
sion fields for their galaxies that are corrected for instru- 
mental resolution and additionally subtract (in quadra- 
ture) a beam-smearing c omponent as e stimat ed from thin 
rotating-disk models. iDavies et al.l (|2011l ) has shown 
that deriving kinematic parameters from such modeling 
has the advantage of not being systematically biased by 
beam smearing and most often produces more correct 
results. However, there can be some inac curacy in the 
result ing parameters due to low S/N, and IDavies et al.l 
(|2011l) suggest that extracting uq from the outer regions 
of the galaxy (as we do with the SINS/zC-SINF galax- 
ies) could help alleviate this issue. Either way, these 
two techniques should provide similar results. For the 
SHiZELS galaxies from lSwinbank et al.l (|2012a| ). we take 
v rot and ctq from their Figure 4, assuming the values in 
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the outer regions of the galaxies, for consistency with 
our method. We note the the values they give for a arc 
almost all larger than the ones we assume. This is consis- 
te nt with the bias towa rds higher a® values demonstrated 
by IDavies et al.l (| 2 1 If ) . which is found when correcting 
for beam smearing without generating disk models or 
wit hout ignoring the central regions of the galaxy. For 
the lLaw et al.l (|2009() galaxies, we take their v rot and <ro 
values, which were derived from fitting a Gaussian to 
the line profile from each pixel and flux-weighting to de- 
termine an averag e. As mentioned in their work and 
IDavies et al.l (|201 ID . this produces an upper-limit for cfq 
once beam-smearing is accounted for, and this is reflected 
in Figures 5 through 9. [Wisnios ki et al.l (1201 ID do not de- 
rive <7o values in a way that is comparable to our values, 
so we use th eir dataset for v rot comp a rison only. 

We follow IForster Schreiber et all (|2009D and opera- 
tionally define dispersion dominated and rotation domi- 
nated SFGs as having Av gra d/2a to t <0.4 and >0.4, re- 
spectively, for both AO and seeing-limited data. This 
operational divide is based on disk models of masses and 
sizes roughly spanning the range observed in our sample 
and with typical beam-smcaring of sccing-limitcd data. 
Once corrected for inclination and beam smearing, it 
closely corresponds to the more intuitive physical defini- 
tion v ro t/<7o<l and >1. None of the galaxies in our sam- 
ple are obvious major mergers but several may be minor 
mergers with a kinematically related companion galaxy 
within 10-20 kpc. For these, we consider the kinematic 
properties of the entire system. 

We caution that a detection of a velocity gradient is 
certainly required but is by itself not sufficient to prove 
that a galaxy is rotating. If the velocity gradient is 
along the morphological major axis and at the same 
time, a peak of velocity dispersion is present near the 
morphological centroid, the evidence becomes more con- 
vincing. This second line of evidence is present for most 
of the galaxies in the SINS/zC-SINF sample. The ulti- 
mate, but hardest, criterion is the detection of a sym- 
metric 'spider diagram' pattern in the iso-velocity con- 
tours whose shape/curvature is consistent with the in- 
clin ation estimated from the m inor to major axis ra- 
tio (jvan der Kruit fc Alien! fl978t) . This most demanding 
proof is not reached by any of the compact dispersion 
dominated systems, and only by very few of the large 
disks/rings. 

3. THE NATURE OF DISPERSION DOMINATED 

SFGS 

As discussed in the Introduction, all investigations of 
the spatially resolved ionized gas dynamics have consis- 
tently found that z— 1-3 SFGs possess large internal ran- 
dom motions, in addition to large scale ordered velocities, 
such as rotation (in a disk), or orbital motion (in an in- 
teracting or merging system). In a significant fraction 
(anywhere from 20-90%, depending on the sample and 
definition of kinematic parameters) of the available IFU 
samples, the random motion component even appears to 
dominate, similar to what is seen in spheroidal galaxies. 
This characteristic feature of high-z galaxies is surpris- 
ing, since in a gas rich system, supersonic turbulence 
should dissipate on a dynamical time scale (~ 10 7-75 
yr), unless it is continuously replenished. 



3.1. Dispersion Dominated Galaxies are Small 

Figure 2 shows postage stamps of the velocity- 
integrated Ha emission maps in 34 of the SINS and zC- 
SINF AO data sets. The galaxies arc ordered such that 
the 17 galaxies in the top two rows have Av gra d/2a to t 
below or very near 0.4, and are thus classified as 'dis- 
pe rsion dominated' based on t h e seeing limited dat a 
of IForster Schreiber et all ()2009f ): iMancini et all (|2011| ). 
According to the same criterion, the other 17 galaxies 
in Figure 2 are rotationally supported. None of the 
34 is a major merger, but the presence of a spatially 
well-separated secondary component in seven of these 
SFGs (BX543, BX513, zC409985, zC410041, zC407376, 
zC407302, zC400569) may be evidence for an ongoing 
minor merger (mass ratio >3:1), although in some cases 
it is difficult with the data in hand to distinguish un- 
ambiguously between bright clumps in large disks and 
minor merger systems. 

Figure 2 immediately shows that the most obvious 
characteristic of dispersion dominated systems is their 
small size. If we look at those galaxies with Ri/2<3 kpc, 
then most of these 13 smaller systems fulfill one or sev- 
eral of the kinematic definitions of dispersion dominated 
galaxies as introduced in Section 2.4, 

seeing 

<0.4 (1) 

(Av grad /(2 x a to t))Ao < 0.4 (2) 

vc/o-o < 1 (3) 

Comparison of seeing limited (FWHM —0.56") and 
AO-scale (FWHM —0.20") data of the same galaxies 
shows that the classification as dispersion or rotation 
dominated can depend strongly on angular resolution. 
This is demonstrated in Figures 3 and 4, which show the 
velocity and velocity dispersion fields for Q1623-BX455 
and GMASS-2363 in both seeing and AO modes. As the 
galaxies are small (Ri/2~0.2"), the seeing limited data 
(resolution ~ 0.5") do not resolve them and appear to 
confirm their dispersion dominated classification. How- 
ever, with the AO data (resolution — 0.2"), both galaxies 
appear to be inclined rotating disks. 

3.2. Impact of Resolution on Kinematic Classification 

In order to explore the impact of instrumental resolu- 
tion on the classification (scenario 4 from Section I) of 
galaxies as dispersion- or rotation-dominated, we used 
the sample of 35 SINS/zC-SINF galaxies, for which we 
have both seeing limited and AO resolution data, taken 
with the same instrument and analyzed with the same 
tools. We compare the location of these galaxies in the 
Av gra d/(2 x otot) vs. R1/2 plane in Figure 5 for both 
seeing-limited data (left panel) and AO data (middle 
panel). The shift to higher Av gra d/{2 x cr tot ), and thus 
more rotation-dominated classification, with higher res- 
olution data is clear. We also show our entire sample in 
the v rot /<7o vs. R1/2 plane in the right panel. 

It is apparent that for all IFU data sets the disper- 
sion dominated classification correlates with the intrinsic 
source size (smaller galaxies are more likely dispersion 
dominated), although they are not perfectly matched. 
But as we see from the first two panels, this classifica- 
tion also depends on the ratio of resolution to source size, 
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Fig. 2. — Integrated Ha maps in AO mode (0.2-0.3" FWHM) of 34 of the SFGs in o ur (AO) sample. The top two rows contain the 
dispersion dominated SFGs (as defined by the criterion (Ai) grat j/(2x<T to t)) see j ng < 0.4, FSrstcr Schrcibcr ct al. (2009), and the rest are 
rotation dominated. The maps were interpolated on a pixel scale of 0.025" and are all plotted on the same angular scale. The typical 
FWHM resolution is shown as a red circle. As is clear from the figure, the dispersion dominated galaxies tend to be more compact than 
the rotation dominated galaxies with the peak of their He* emission in the center. 
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Fig. 3.— Top row, left to right: HST WFC3 (?) image, seeing- 
limited velocity field, AO velocity field. Bottom row, left to right: 
Ha AO image, seeing-limited velocity disp ersion field and AO ve- 
locity dispersion field of Q1623-BX455 (Forstcr Schrcibcr ct al. 
2009). Much of the rotation apparent from the AO images is beam- 
smeared out with the seeing-limited data. 



GK2363 
z=2.45 

ACS-I 


fit 

+70 

V(Ho) seeing 


-95 .fc 

* 

+ 120 

v(Ha) A o 


1" 

F(Ha) A0 


140 
O [Ha) seeing 


t int =13.7h 

• 110 

40 

u(Ha) A0 



Fig. 4. — Top row, left to right: HST ACS I-band image, seeing- 
limited velocity field, AO velocity field. Bottom row, left to right: 
Ha AO image, seeing-limited velocity di spersion field and AO 
veloc ity dispersion field of GMASS-2363 (Forstcr Schrcib er et al.l 
l200Sft . 



such that poorly resolved galaxies are very likely classi- 
fied as dispersion dominated. While about 43% of the 
35 SFGs from our SINS/zC-SINF AO sample appear to 
be dispersion dominated in our seeing limited data (left 



panel of Figure 5), that fraction drops to about 10% at 
AO resolution (middle panel) and for AO data with cor- 
rections applied for beam smearing and inclination (right 
panel). 

This empirical assessment is supported by creating 
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Fig. 5. — Dependence of the ratio of rotation to dispersion on the half light source radius (R1/2) and resolution. Left panel: seeing- 
limited SINS/zC-SINF data. jForster Schreiber et al.|[2509l : IMancini et alj|20lB . Middle panel: AO SINS/zC-SINF data (this paper and 
Forstcr Schreiber et al. 2012). Right panel: Combined AO and seeing-limited data for galaxies that have sufficient angular resolution for 
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for Figure 1. Grey filled circles denote the median-binned values in four radius bins with horizontal error bars representing the standard 
deviation in the bins and vertical error bars representing the la uncertainty. Many of the same galaxies are plotted in all three panels 
(for the SINS data). The horizontal dashed red lines mark the operational divide between dispersion and rotation dominated SFGs for the 
corresponding criteria for each panel. The vertical dashed black lines in the left and middle panels mark the FWHM spatial resolution of 
the data. Typical la error bars for individual measurements are plotted at the bottom of each panel. Many of the galaxies characterized as 
dispersion dominated according to the seeing-limited data (left panel), would be considered rotation dominated with the higher-resolution 
AO data (middle panel) or with full dynamical modeling (right panel), and an important factor in the kinematic classification is the ratio 
of the galaxy size to the instrumental resolution. 



simple toy models of turbulent but rotationally sup- 
ported disks with intrinsic v rot / '<7rj<~l-5. We "observe" 
model disks with varying sizes, masses and inclinations 
with seeing and AO scale resolutions and analyze them 
in the same way as our SINS/zC-SINF data. Their lo- 
cation in the empirical Av gra d/2atot - R1/2 an d v rot/cn- 
R1/2 planes overlaps with the majority of the data. A 
fraction of the model disks indeed come to reside in the 
locus of 'dispersion dominated' galaxies, although they 
are intrinsically rotationally supported. 

3.3. Why Are Small Galaxies More Likely to be 
Dispersion Dominated? 

The last section has shown that resolution effects can 
make an intrinsically rotation dominated system appear 
to be dispersion dominated if it is small, especially with 
seeing limited data. However, the middle and right pan- 
els of Figure 5 show that Av gra d/(2o-tot) and v rot /<7n in- 
crease with radius even for well-resolved data sets, and 
even at AO resolution, there remain a number of disper- 
sion dominated SFGs, for which the classification cannot 
be an instrumental effect. What causes this intrinsic de- 
pendence on size? 

In Figure 6, we plot the rotation velocity (corrected 
for inclination) and the intrinsic velocity dispersion (cor- 
rected for beam-smearing) as a function of Ri/2- Ro- 
tation velocity increases strongly with R1/2 but there is 
no strong trend with velocity dispersion and the running 



median suggests that o~o is constant or perhaps slightly 
decreasing with Ri/2- The best fit power law to the 

binned data is v rot = 57(±20) xi?°- 73 ( ±0 - 26 ), but a linear 
slope is also consistent with the data, which would be 
physically motivated by centrifugally supported baryonic 
disks of constant angular momentum p arameter embed - 
ded in a virialized dark matter halo (|Mo et al.l |1998|) . 
Figure 6 thus shows that small galaxies are intrinsi- 
cally more likely to be dispersion dominated because of 
the near-constant value of the local velocity dispersion 
in all high-z SFGs, which may suggest a velocity dis- 
persion floor. Such a floor (<ero>~50-T00 km/s) may 
be caused by star formation feedback or by the dissi- 
pation of gravitational energy within and at the outer 
edge of the disk including the effects from inflowing 
gas (llmmeli et al.1 l2004allbt iWestmoauette et~aT1 120071: 



Bournaud et al.ll2009HAgertz et alj|2009t iCeverino et al.1 
2010tlGenzel et al.ll2008l koiltlGenel et al.ll2012[ ). 

3.4. Dependence on Stellar Mass, Gas Fraction and 

Age 

Figure 7 shows that dispersion dominated galax- 
ies tend to have smaller stellar and dynamical 
ma sses, in agreement w it h the earlier con c lusion s 
of iForster Schreiber etldl (12009D; [Law et al.l (|2009D ; 
IWisnioski et al.l (|201lD ; lEpinat et al.l (|2012[ ). From the 



right panel of Figure 1, we see that while the dispersion 
dominated population (on the AO scale) is mostly found 
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Fig. 6. — Dependence of v ro t (left panel) and <jo (right panel) on Ri/2- The data symbols are the same as in Figures 1 and 5. The strong 
trend in the left panel can be well fit by a linear relation (v ro t=36 R1/2), and the best-fit slope is 0.84 (±0.1). In contrast, the right panel 
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toward lower stellar masses, there is still substantial over- 
lap with the location of disks. Thus, it seems that the 
best separation between the two kinematic populations 
is in terms of size and dynamical mass. 

Figure 8 shows that dispersion dominated galaxies also 
tend to have higher gas fractions (i ga s = M gas /(M 9as ± 
M*)). The gas fractions found here arc all larger than 
50% (for the AO data) and some are as large as 90%. 
These gas fr a ctions are larger than those found by 
iTacconi et al.l (|2012D based on CO observations from 
Plateau de Bure for a sample of massive (M*>3x 10 10 
M ) SFGs at z = 1.2 and z = 2.2. This is likely because 
of a combination of the lower masses and above-main se- 



quence location of many dis persion domina t ed ga laxies 
(see right panel of Figure 1). ITacconi et al.l (|2012D have 
shown that gas fractions increase with decreasing stel- 
lar mass and with increasing offset from the star-forming 
'main sequence' in the stellar mass - SFR plane. 

We also see a modest difference in the strength of the 
[Nil] line relative to the Ha line between the dispersion 
and rotation-dominated sub-samples, implying a metal- 
licity trend (see Figure 8). The dispersion dominated 
sub-sample has <F[NII] 6583/FHa >= 0.13 (±0.0058), 
while the rotation dominated sub-sample has <F[NII] 
6583/FHa >= 0.19 (±0.0045), consistent with the larger 
stellar masses of the rotation dominated sub-sample 
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Fig. 9. — Dependence of star formation rate surface density 
(^SFR= 0.5 SFR/7r(R 1/ / 2 ) 2 ) on v ro t/ao. The symbols are the 
same as in Figures 1 and 5 to 8. The t hreshold for strong galactic- 
scale outflows observed by .Newman et al. (2012b) and marked by 
the grey bar is at T,gp 1 M.Qyr~ 1 kpc~ 2 . 

and the mass-metallicity relation flTremonti et al] 120041 : 
lErb et al.|[200l iMannucci et~aT]|2009[) . These averages 
do not include the galaxies identified t o contain AGN. 

As found in iNewman et all (|2012bf ). z~2 SFGs with 
^SFfl>l M.Qyr~ 1 kpc~ 2 have evidence for strong out- 
flows. We find that dispersion-dominated galaxies gener- 
ally have higher Y>sfr than the sample as a whole (Fig- 
ure 9). When coupled with Figures 6 and 7, this suggests 
that outflows are more prevalent in galaxies with smaller 
rotation velocities and dy namical masses (as suggested 
by theoretical models, e.g. iMurrav et al.l 120051 ). 



When comparing the mean ages of 'rotation' or 'disper- 
sion dominated' galaxies from the SINS/zC-SINF sam- 
ple we also see a relative trend. When classified using 
seeing-limitcd data, the dispersion dominated sample has 
a mean age of 460 Myr, while the rotation dominated 
galaxies have a mean age of 690 Myr. This contrast is 
even stronger when using AO data or the v rot /uq crite- 
ria, wherein the mean ages are 120 and 650 Myr for the 
dispersion and rotation dominated samples, respectively. 
We note that these ages pertain to the stars providing the 
bulk of the rest-frame UV and optical radiation, as these 
dominate the photometry used in our SED analysis. 

We thus find that high-z SFGs may be classified as 
'dispersion dominated' for a variety of reasons, includ- 
ing (1) intrinsic rotation is beam-smeared by insufficient 
spatial resolution, (2) the small galaxy size is accompa- 
nied by lower rotation velocity, which coupled with the 
nearly constant floor of velocity dispersion leads to a low 
Vrot/fo ratio, or (3) the galaxy has recently undergone a 
major merger. While such an event may by difficult to 
detect morphologically if the two systems have already 
merged, it is still possible to distinguish a recent merger 
from an unperturbed system using the kinemctry tech- 
nique, and we can at least say from the SINS sample, that 
we find evidence for many 'dispersion dominated' sys- 
tems that are not caused by recent major mergers (see , 
e.g. iShapiro et all 120081: iFbrster Schreiber et al.l 12009ft . 
Whichever cause is responsible for the SFG's classifica- 
tion, we find that these 'dispersion dominated' galaxies 
tend to have lower stellar and dynamical masses, higher 
gas fractions, lower mctallicities, higher star formation 
rate surface densities, younger ages and more compact 
morphologies. 

4. IMPLICATIONS FOR GALAXY EVOLUTION 

Based on this unprecedented sample of IFU datascts, 
we are able to hypothesize on how the dispersion dom- 
inated galaxies fit into our picture of galaxy evolution. 
Our finding that most of these galaxies are both highly 
gas-rich (compared to the rotation-dominated sample) 
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and rotating (albeit smaller and more slowly) systems, 
naturally leads to an explanation of their formation in 
the context of gravitational instabilities in gas rich disks. 
If we frame the Toomrc (or Jeans) mass in terms of gas 
fraction and v/tr, we find that for a margina lly stable disk 
with Q~l, that Tjt. n n mr e . ~ Rdisfc x (°7 V ) (jGenzel et al.1 
120 111) . iGenzel et al I (|2011l ) used this argument to explain 
why Ri/2~ 5 kpc disks form ~1 kpc clumps, however, 
this can also be used to show that for the dispersion- 
dominated galaxies (with v r ot/&Q^ 1), 'clumps' will nat- 
urally form on the scale of R4/2 (or ^2kpc). Thus in 
the same scenario in which clumps form in extended, 
gravitationally-unstablc disks, the dispersion dominated 
galaxies will essentially form one giant highly-unstable 
clump. 

In addition to the smaller sizes and higher gas frac- 
tions, we also found that dispersion dominated galaxies 
tend to have lower stellar masses, younger ages (based 
on SED fitting), and lower inferred metallicities on av- 
erage than rotation dominated galaxies. One can imag- 
ine a scenario in which the smaller dispersion-dominated 
galaxies are "seeds" for the larger and more massive ro- 
tating disks, and these larger galaxies at z ~ 2.2 have 
merely evolved sooner. As these "seeds" continue to 
rapidly accrete gas, form stars and expel winds, they 
also grow in size, build up their stellar masses, in- 
crease in mctallicity and decrease in gas fraction. We 
find that these dispersion dominated galaxies are more 
likely to have star formation surface den sities above the 
wind 'b reak-out' threshold proposed by iNewman et al.1 
(|2012b[) than their larger disky counterparts, implying 
that they drive outflows more efficiently than the lat- 
ter ones do (see also: ?). The higher stellar masses will 
eventually stabilize the disks, and the larger sizes and 
increased rotation velocities will decrease the Toomre 
scale, shrinking the size of the star-forming regions (the 
clumps). We note that our dispersion-dominated galax- 
ies are on average not the same as the high-z compact 
star- f orming galax i es ( "b lue nuggets") recently reported 
on bv lBarro et al.1 (|2012h . which they propose will soon 
quench and become compact quiescent galaxies. While 
two of the galaxies from our sample (BX502 and SA12- 
6339) do meet their mass/size criteria, the remainder of 
our smaller galaxies have much lower stellar masses (by 
a factor of ~2-5). 

The picture we have presented, in which stellar mass 
builds up in the centers of galaxies through this 'compact 
dispersion-dominated' phase is supported by additional 
observational evidence. Based on 3 D-HST Ha and rest - 
frame R-band data of z ~ 1 SFGs, iNelson et all ([20121 ) 
find that Ha emission is typically more extended than 
continuum emission, but that this is less often the case 
for the smallest objects (iHa <3 kpc) that have star for- 
mation surface densities >1 M ( ?,yr~ 1 kpc~ 2 , sugge sting 
inside-out growth. Similarly, iWuvts et al.1 ()2012l ) find 
that z ~ 1-2 SFGs from the CANDELS survey typically 
have large stellar bulges with high extinction and / or old 
stellar ages and UV-bright star-forming clumps with lit- 
tle or no excess in stellar mass at outer radii. 

These unstable z ~ 2.2 galaxies will grow until they 
are 'mass quenched' with increasing probability as they 
gro w in mass beyond the Schechter mass of ~1 107 ~ n 
M ^Conrov fc Wechslerl [20091 : IPeng et^[20Tol) . which 
requires a tripling of mass based on the median stellar 



mass of the galaxies in our sample. Given an average spe- 
cific star formation rate of ~ 2 Gyr -1 , this process would 
take around 1.3 Gyr. Thus most of our z ~ 2.2 SFG sam- 
ple will be effectively quenched by z <~ 1.5. Indeed, highly 
unstable and morphologically disturbed SFGs are more 
rarely seen at this later epoch (jKassin et al.l 120121 ) . also 
owing to the fact that galactic gas accretion has slowed 
by this time (jBirnboim et al.ll2007l) . 

Another possibility for the evolution of dispersion dom- 
inated objects is that they are the product of clump mi- 
gration and coalescence at the centers of larger disks, 
and are therefore the descendants of rotation dominated 
galaxies. However, if the clumps arc formed by gravita- 
tional instability, we would expect them to be continu- 
ously produced in the unstable, gas-rich disks, and we 
should see some brighter emission outside the center of 
the dispersion dominated galaxies. In addition, this sce- 
nario is at odds with the lower stellar masses, younger 
ages and lower metallicities of the dispersion dominated 
systems. Indeed, one would expect that the first galax- 
ies to experience clump coalescence would be the most 
massive rather than the least massive ones. 

5. CONCLUSIONS 

Based on IFU data of 90 star forming galaxies at z=l 
2.5, we compare the sub-samples of galaxies known as 
dispersion and rotation dominated. We find that the 
characterization of a galaxy into one of these kinematic 
groups is a strong function of the galaxy size. Small 
galaxies are much more likely to fall in the category of 
dispersion dominated galaxies due to insufficiently re- 
solved rotation (especially with seeing-limited observa- 
tions) and also as a result of the almost constant floor 
of velocity dispersion across all sizes paired with the lin- 
ear increase of rotation velocity with size. Many galax- 
ies that are considered dispersion dominated from more 
poorly resolved data actually show evidence for rotation 
with higher-resolution data. 

Despite the finding that galaxies characterized as 
dispersion-dominated often show evidence for rotation 
with higher spatial resolution data, they have different 
average properties than rotation dominated galaxies. 
They tend to have lower stellar and dynamical masses, 
higher gas fractions, younger ages and slightly lower 
metallicities. We suggest that these galaxies could be 
precursors or 'seeds' to larger rotating galaxies, as they 
accrete more mass onto the outer regions of their disks. 
Our AO-based results provide important insights for the 
analysis and interpretation of seeing-limited IFU data, 
such as will become available for large samples with 
KMOS, through the quantitative assessment presented 
of the effects of beam-smearing on the observed kine- 
matics of real galaxies. 
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